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Abs t r a c t 

This  paper discusses the  p r i n c i p a l  observat ions obtained by the 
I o n  Composition Inst rument  ( I C I )  ‘ f lown on t h e  ISEE-3/ICE spacecraft,  

which was i n  t h o  s o l a r  wind from September 1978 t o  the  end o f  1982, 
before  be ing  d i r e c t e d  t o  the  f a r  magnetotai l  o f  t h e  E a r t h .  
continuous observat ions were made o f  t h e  abundances o f  3He++, 4He++, 

06+, 07+, Ne, S i  and Fe i n  var ious charge s ta tes ,  and o f  t h e i r  bu l k  

speeds and temperatures. 

Almost 

The r e s u l t s  show t h a t  there  i s  a s t rong tendency i n  t h e  

c o l l i s i o n l e s s  s o l a r  wind f o r  t h e  i o n i c  temperatures t o  be p ropor t i ona l  

t o  t h e  masses. For heavier ions these temperatures exceed t y p i c a l  

corona I e I ec t ron  temperatures. 4He++, espec i a I I y i n h i gh speed 

streams, moves f a s t e r  than H+, and t r a v e l s  a t  t he  same speed as heavier  

ions.. 

s t i l l  n o t  e n t i r e l y  c l e a r .  

The mechanism leading t o  t h i s  heat ing  and r a p i d  streaming i s  

Because t h e  I C 1  made continuous observat ions over long pe r iods  o f  

t ime, t h e  abundances o f  t h e  minor ions obta ined a re  representa t ive  o f  

t h e  s o l a r  wind. They agree we l l  w i t h  corresponding abundances obta ined 

from observat ions o f  So la r  Energet ic  P a r t i c l e s  (SEP’s); suggesting t h a t  

both s o l a r  wind and S W ’ s  are drawn from t h e  corona. S t r i k i n g  fea tu res  

o f  both s o l a r  wind and SEP ion popu la t ions  are  t h e  overabundance o f  S i  

and Fe w i t h  respect  t o  so la r  system abundances, and the  under abundance 

o f  He. The l a t t e r  discrepancy appears t o  r e s u l t  from g r a v i t a t i o n a l  

f r a c t i o n a t i o n  i n  t h e  lower corona and t h e  h igh  f i r s t  i o n i z a t i o n  

p o t e n t i a l  o f  He, as long suggested. The reason f o r  t h e  former 

discrepancy i s  no t  completely understood, bu t  appears t o  be r e  

t h e  low f i r s t  i o n i z a t i o n  p o t e n t i a l s  o f  S i  and Fe. 

a ted  t o  

We have analyzed hour ly  averages o f  t h e  abundance o f  4He+ i n  s i x  

month blocks, du r ing  the  4 1/3 year pe r iod  which covered the maximum o f  

s o l a r  c y c l e  21. The v a r i a t i o n  w i t h  s o l a r  a c t i v i t y  i s  cons is ten t  i n  

ampli tude w i t h  r e s u l t s  obtained du r ing  s o l a r  c y c l e  20, and shows more 
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structure. The probable causes o f  the variation of helium abundance 

with s o l a r  activity is the increased frequency o f  helium-rich events 

near solar maximum. 
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Abst rac t  

Th is  paper discusses the  p r i n c i p a l  observat ions obtained by t h e  

I o n  Compos i ti on Inst rument  (ICI) f I own on the  ISEE-3/ICE spacecraft,  

which was i n  t h e  s o l a r  wind from September 1978 t o  t h e  end qf‘ 1982, 

be fore  being d i r e c t e d  6 t he  f a r  magnetotai I o f  t h e  Earth/* Almost 

continuous observat ion were made o f  t h e  abundances of$,++, 4He++, 

06+, 07+, Ne, S i  and F, i n  var ious charge s ta tes ,  an 

speeds and temperature4. 

o f  t h e i r  bu lk  

\ /i 1 
The r e s u l t s  show t h a t  there  i s  a stron9,’tendency i n  t h e  

co l  1 i s i o n l e s s  s o l a r  wind f o r  t h e  i o n i c  tgmberatures t o  be propor t iona l  

t o  t he  masses. For heav i er  i ons these’temperatures exceed t y p  i ca I 

corona I e l e c t r o n  temperatures. especia I l y  i n  h igh  speed 

streams, moves f a s t e r  than H+, 5 
ions., The and r a p i d  streaming i s  

a t  t h e  same speed as  heavier  

s t i l l  n o t  e n t i r e l y  c l e a r .  

over long per iods  o f  

representa t ive  o f  

hey agree we I I iiw i t h  correspond i ng abundances obta i ned 

o f  So la r  Energekic P a r t i c l e s  (SEP’s); suggesting t h a t  

d SEp’s are drawh, from t h e  corona. S t r i k i n g  fea tures  

t t o  so la r  system a’bundances, and t h e  under abundance 

and SEP ion popu la t ions  are  the  overabundance o f  S i  

discrepancy appears ,to r e s u l t  from g r a v i t a t i o n a l  

he lower corona and th$ h igh  f i r s t  i o n i z a t i o n  

s long suggested. The reason foa t h e  former 

completely understood, b u t  appears t o  be r e l a t e d  t o  

the  low f i r s t  i o n i z a t i o n  p o t e n t i a l s  o f  S i  and Fe. 

We have ana I yzed hour I y averages o f  t h e  abundance o f  4He++ i n  s i  x 

month blocks, du r ing  t h e  4 1/3 year pe r iod  which covered the  maximum o f  

s o l a r  c y c l e  21. The v a r i a t i o n  w i t h  s o l a r  a c t i v i t y  i s  cons is ten t  i n  

ampli tude w i t h  r e s u l t s  obtained du r ing  s o l a r  cyc le  20, and shows more 
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I n t r o d u c t i o n  

The ex is tence o f  t h e  so la r  wind was i n f e r r e d  by Biermann, (1951), 

The experiment o f  Neugebauer and Snyder, from s t u d i e s  o f  comet t a i l s .  

(1966) aboard t h e  spacecraf t  Mariner 2 was t h e  f i r s t  t o  show t h a t ,  

desp i te  l a rge  v a r i a t i o n s  i n  speed and in tens i t y ,  t h e  s o l a r  wind was 

omnipresent i n  t h e  i n te rp lane ta ry  medium. The measurements made w i t h  
t h e i r  inst rument  on Mariner 2, which se lected ions by t h e i r  energy per  

charge, E/Q, revealed t h e  presence o f  a low concent ra t ion  o f  an i on  

w i t h  tw ice  t h e  energy per charge o f  t he  protons, which comprise the  

bu lk  o f  t h e  so la r  wind. It was concluded t h a t  t h e  i on  was doubly 

charged he1 ium, 4He++, and t h i s  was subsequently confirmed d i r e c t l y  by 

O g i l v i e  e t  a l . ,  (1968) w i t h  an instrument combining both v e l o c i t y  and 

energy per charge measurements, t o  g i ve  the  mass per  charge (M/Q) o f  

t he  s o l a r  wind ions. The only o ther  poss ib le  ion w i t h  M/Q = 2, (H3) i s  

almost non e x i s t e n t  a t  t h e  h igh temperature o f  t h e  s o l a r  corona. 

Bame e t  a l . ,  (1968)) using an improved E/Q analyzer, repor ted  t h e  

presence o f  o ther  elements (0, C, N, S i ,  Fe), and they and o the rs  

(Holzer and Axford, (1970)); .Lange and Scherb, (1970); Asbridge e t  a l  ., 
1970)) discussed and compared t h e  d a t a  w i t h  respect  t o  so la r ,  s o l a r  

system, and g a l a c t i c  abundances. General agreement was demonstrated, 

b u t  some d i f f e rences  were noted. For example, Hirshberg, (1974) 

discussed 5 observations o f  s o l a r  wind Fe ions, i n d i c a t i n g  an abundance 

2-3 t imes grea ter  than t h a t  i n  t h e  photosphere. Besides Fe, abundances 

were measured f o r  the elements S and S i  by Bame, (1975), 3He++ and 4 H e +  
were also detected. 

Subsequent work by t h e  Los Alamos group included t h e  a n a l y s i s  o f  a 

long s e r i e s  o f  He observations by Robbins e t  a l . ,  (1970), and ex tens ive  

s tud ies  o f  pos t  shock f lows, ( B o r r i n i  e t  a l . ,  (1982a)), and o f  h i g h  

i o n i z a t i o n  s ta tes  (Fenimore, (1980)). The v a r i a t i o n  o f  he l ium 

abundance w i t h  t ime i n  t h e  reg ion  o f  sector  boundary c ross ings  has been 

s tud ied  by B o r r i n i  e t  a l . ,  (1981), and hel ium enhancements and t h e i r  

r e l a t i o n  t o  coronal mass e j e c t i o n s  by B o r r i n i  e t  a l ,  (1982b). 
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An e n t i r e l y  d i f f e r e n t  approach f o r  s tudy ing  t h e  so la r  wind 

composit ion was used i n  the  Apol lo  program: 

c o l l e c t e d  i n  f o i l s  a t  t h e  lunar sur face f o r  i nves t i ga t i on  i n  t h e  

laboratory .  Very p rec i se  da ta  on t h e  elemental and i so top ic  abundances 

o f  He, Ne, and A r  f o r  f i v e  d i f f e r e n t  per iods  between 1969 and 1972 were 

obta ined ( c f .  Ceiss e t  a l . ,  1972). 

Solar  wind atoms were 

A disadvantage o f  E/q measurements i n  t h e  s o l a r  wind w i t h  

e l e c t r o s t a t i c  analyzers i s  t h a t  separat ion o f  i o n i c  species depends 

upon t h e  thermal v e l o c i t y  o f  t he  measured ions.  By con t ras t  a 

labora tory  mass spectrometer has an ion  source supply ing s i n g l y  charged 

ions o f  very low e f f e c t i v e  thermal speed; i n  t h e  so la r  wind, however, 

each element i s  usua l l y  represented by several charge s ta tes ,  a 

consequence o f  t h e  h igh  e lec t ron  temperature i n  t h e  corona, and these 

ions have h igh  and v a r i a b l e  thermal speeds, o f t e n  only  about an order  

o f  magnitude less than t h e  bulk speed o f  t h e  plasma. 

i d e n t i f i c a t i o n  o f  minor ions i n  the  so la r  wind by t h e  Los Alamos group 

was most successful a t  low f l ow  speeds, i n  cond i t i ons  o f  h igh  d e n s i t y  

and low temperature. Measurements o f  ion composition over t h e  f u l l  

,. 

The 

. . range o f  s o l a r  wind thermal and f l ow  v e l o c i t y  r e q u i r e  instruments t h a t  

go beyond t h e  s i n g l e  parameter measurements o f  e l e c t r o s t a t i c  energy 

.analyzers.  

The I o n  Composition Instrument ( I C I )  on t h e  ISEE-3/ICE spacecra f t  

couples a h igh  r e s o l u t i o n  e l e c t r o s t a t i c  analyzer w i t h  a s t i g m a t i c  Wien 

v e l o c i t y  f i l t e r  (Coplan e t  a t . ,  (1978)). I ons  en te r ing  t h e  inst rument  

pass through t h e  f i l t e r  be fore  t h e  analyzer. 

t h e  f i l t e r  can be centered a t  v e l o c i t i e s  w i t h i n  t h e  range 300 t o  620 

kms'l. 

The narrow pass band o f  

By combining t h e  knowledge o f  ion  v e l o c i t y  and energy per  

charge, t h e  mass/charge o f  t h e  detected ions i s  determined, w i t h i n  t h e  

r e s o l u t i o n  o f  t h e  instrument under a l l  s o l a r  wind cond i t i ons .  The I C 1  
has operated success fu l l y  from launch i n  August, 1978 t o  t h e  present .  

I n  a d d i t i o n  t o  s o l a r  wind measurements, it has made t h e  f i r s t  

observat ions o f  t h e  composition o f  the d i s t a n t  magnetotai l  o f  t h e  e a r t h  

(Og i l v ie  and Coplan, (1984)) and of t h e  composition o f  t h e  comet 

Ciacobini-Zinner (Og i l v ie  et a l . ,  (1986); Coplan e t  a t . ,  (1987); Geiss 
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e t  a l . ,  (1986)). The s o l a r  wind data s e t  presented here covers the  

per iod  f rom August, 1978 t o  December, 1982 when the  spacecra f t  was a t  

the  forward l i b r a t i o n  po in t ,  L1, 1.5 x lo6 km upstream from the  ea r th .  

The h igh  v e l o c i t y  l i m i t  o f  t h e  I C 1  i s  620 km/s. Though h igher  

v e l o c i t i e s  do occur, t h i s  l i m i t  i s  s u f f i c i e n t  t o  permi t  observat ions 

f o r  over 902 o f  t he  time, inc lud ing  many examples o f  h igh  speed streams 

and shocks. 

as  Fe a re  s u f f i c i e n t  t o  be detected by s o l i d  s t a t e  devices such as 

those o f  M i t c h e l l  e t  a l .  (1981), and Ipav i ch  e t  a l .  (1986), p rov id ing  

an independent check o f  t he  I C 1  r e s u l t s  by an e n t i r e l y  d i f f e r e n t  

technique. 

comparing w i t h  t he  3He, 4He and Ne lunar f o i  I measurements obtained 

A t  t he  h ighes t  v e l o c i t i e s  t h e  energies o f  heavy ions such 

Another more extens ive check can be es tab l i shed by 

dur ing  t h e  Apol l o  f i  i gh ts ,  Geiss e t  a l  ., (1972). 

the  r e s u l t s  of the  th ree  techniques g ives us conf idence i n  t h e  accuracy 

o f  our knowledge o f  these abundances and t h e i r  v a r i a b i l i t y .  

The agreement among 

Abundances from the  present data set ,  measured over s u f f i c i e n t l y  

long t imes t o  be representat ive,  a re  unbiassed average values, and can 

be compared i n  a meaningful way w i t h  so la r  system abundances and used 

as a benchmark f o r  t h e o r e t i c a l  models f o r  so la r  wind acce le ra t i on  and 

f r a c t i o n a t i o n .  I n  add i t i on ,  t he  dynamical p roper t i es  o f  i n d i v i d u a l  

ions can be obtained from the  I C 1  d a t a .  I n  p a r t i c u l a r ,  d i f f e rences  i n  

bu lk  v e l o c i t y  and thermal v e l o c i t i e s  among d i f f e r e n t  ion  species have 

been measured. 

I o n  v e l o c i t i e s  and v e l o c i t y  d i f f e rences  i n  the  solar wind 

A susta ined d i f f e r e n c e  AV between t h e  bu lk  v e l o c i t i e s  o f  two ion  

species i n  the  s o l a r  wind i s  on ly  poss ib le  along t h e  magnetic f i e l d  

d i r e c t i o n  (Neugebauer, 1976). For example, f o r  4He++ and H+, 

- V = +AV b, 
"4He++ H+ - 
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h - - 
where V ' H ~ + +  and VH+ a re  the  but k v e l o c i t i e s  o f  t h e  ions and b i s  a 

u n i t  vector  a long t h e  magnetic f i e l d  d i r e c t i o n .  The helium-hydrogen 

v e l o c i t y  d i f f e r e n c e  was t h e  f i r s t  t o  be measured (see references i n  

O g i l v i e  e t  a l . ,  (1982)), and was observed i n  h i g h  speed flows, where 

i t s  magnitude appeared t o  be I i m i  t e d  t o  t h e  loca I A I  f vhn speed. 

Observations from t h e  He l i os  spacecraf t  (Marsch e t  a l . ,  (1982)) show 

t h a t  t h e  v e l o c i t y  d i f f e r e n c e  f o r  a g iven VH+ increases w i t h  decreasing 

h e l i o c e n t r i c  distance, as does t h e  A l fven  speed. V e l o c i t y  d i f f e rences  

tend t o  be destroyed by Coulomb c o l l i s i o n s  (Neugebauer and Feldman, 

(1979); K l e i n  e t  a l . ,  (1985)), b u t  i n  low dens i t y  reg ions they can be 

observed o u t  t o  a t  l e a s t  4 AU (Coodrich e t  a l . ,  (1979)). I t  i s  thus  

reasonable t o  suppose t h a t  v e l o c i t y  d i f f e rences  a r e  s e t  up i n  t h e  

corona even though the re  may be mechanisms i n  t h e  i n te rp lane ta ry  medium 

which s u s t a i n  them. To d r i v e  high-speed streams, energy must be 

supp l ied  by some process wel l  beyond the  c r i t i c a l  p o i n t  of t h e  s o l a r  

wind expansion. I t  has long been suggested (see Isenberg and Hollweg, 

(1983)) t h a t  t h e  in te rspec ies  v e l o c i t y  d i f f e r e n c e s  a r e  s e t  up by t h e  

same process. 

c o l  I i s i o n s  between protons and o ther  ions a r e  f requent ,  and v e l o c i t y  

d i f f e rences  a r e  suppressed. The v e l o c i t y  d i f f e r e n c e s  a r e  presumably 

r e l a t e d  t o  t h e  acce le ra t i on  and heat ing  o f  s o l a r  wind i o n i c  species. 

No f u l l y  successfu ly  t h e o r e t i c a l  t reatment  of t h i s  process has been 

c a r r i e d  ou t ,  and a comprehensive survey o f  v e l o c i t y  d i f f e r e n c e s  f o r  

h igher  masses and charges remains worthwhile. 

A t  low f l o w  speeds when d e n s i t i e s  a r e  o f t e n  high, 

The I C 1  does n o t  have s u f f i c i e n t  dynamic range i n  f l u x  t o  measure 

both r a r e  ions and protons. The v e l o c i t i e s  o f  t h e  oxygen and i r o n  ions 

have been compared w i t h  t h a t  o f  t h e  helium, and simultaneous 

comparisons between t h e  I C 1  hel ium v e l o c i t i e s  and p ro ton  v e l o c i t i e s  

measured by t h e  s o l a r  wind plasma instrument on ISEE-3, (provided by 

experimenters from Los Alamos Nat ional  Laboratory  (Bame e t  a l . ,  

(1978)), have been c a r r i e d  o u t  separate ly  and a r e  descr ibed by O g i l v i e  

e t  a l  . , (1982)- 

F igu re  l a  shows t h e  r a t i o ,  AV/VA f o r  t imes when t h e  hel ium 

v e l o c i t y  was between 300 and 400 km s-l, (here AV i s  t h e  d i f f e r e n c e  



between the measured hel ium and hydrogen speeds uncorrected .for 

magnetic f i e l d  ' d i rec t i on  and VA i s  t h e  Al fven speed) . 
s i m i l a r ,  b u t  f o r  t imes when t h e  hel ium v e l o c i t y  was between 400 and 500 

kms'l. 

t h a t  o f  t h e  protons by a subs tan t i a l  f r a c t i o n  o f  t h e  c u r r e n t  A l f ven  

speed, espec ia l l y  a t  h igher  bu lk  speed, whereas the re  i s  no evidence 

w i t h i n  an unce r ta in t y  o f  a few percent  f o r  any d i f f e r e n c e  i n  v e l o c i t y  

between t h e  4He++ and 1606* ions, a s  shown i n  F igu re  2. 

F igu re  l b  ; s  

There i s  a marked tendency f o r  t h e  het ium v e l o c i t y  t o  exceed 

F igu re  3, from Schmid e t  a l . ,  (1987) shows a histogram o f  (Vfe- 

V H ~ )  based on 6636 ind i v idua l  measurements. 

these Fe ions was 426 km s-l. The average v e l o c i t y  d i f f e r e n c e  i s  3 km 
s- l ,  and t h e  standard dev ia t i on  was 15 km s - l .  The sample inc luded - 
h igher  than usual d e n s i t i e s  and lower than usual k i n e t i c  temperatures, 

because o f  c r i t e r i a  tending t o  s e l e c t  small v e l o c i t y  d i f f e rences .  

Nevertheless, Schmid e t  a l . ,  (1987) found t h e  f o l l o w i n g  l i n e a r  r e l a t i o n  

t o  represent  t h e  s t rong  c o r r e l a t i o n  between V F ~  and V H ~ ,  

The average v e l o c i t y  o f  

VHe'VFe'(Z.S'O.9>+(O.O49+0.003) (V~,-410.5) 

I 
where t h e  v e l o c i t i e s  a re  i n  km s- 1 . 

Th is  p r e d i c t s  a sl i p  o f  - 15 km s - l  a t  600 k m  

respect  t o  4He++ ions, which i s  small compared t o  a t y p i c a l  A l f ven  

speed. Schmid e t  a l . ,  (1987) t e n t a t i v e l y  i n te rp re ted  t h e i r  observa t ion  

a s  a consequence o f  t h e  decrease of Alfven speed w i t h  increasing 

h e l i o c e n t r i c  d is tance and suggested t h a t  i r o n  ions  a re  more s t r o n g l y  

coupled t o  t h e  A l fven  waves than a r e  hel ium ions. 

res idua l  Coulomb c o l l i s i o n s ,  which p r e f e r e n t i a l l y  a f f e c t  ions i n  h i g h  

charge s ta tes ,  may be responsible. 

o f  i ron ions w i t h  

A l t e r n a t i v e l y ,  

On t h e  bas i s  o f  these extens ive v e l o c i t y  measurements we conclude 

t h a t  t h e  minor ions genera l l y  move w i t h  t h e  helium, f a s t e r  than t h e  

protons.  There i s  a tendency f o r  t h e  heaviest  ions  t o  lag  s l i g h t l y  

behind t h e  4He++ a t  h igh  speeds. 

i n  measurements by M i t c h e l l  e t  a l . ,  (1981). The theory, a s  presented 

A h i n t  o f  t h i s  tendency was i nd i ca ted  
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by ;senberg and i-lollweg, (1983) and Marsch e t  a l . ,  (1982) p r e d i c t s  

accel 'erat ion o f  m i  nor ions w i th  respect t o  protons, b u t  t h e  measured 

ambient wave power i s  t o o  low f o r  it t o  produce v e l o c i t y  d i f f e rences  i n  

agreement w i t h  observat ion.  Isenberg and Hollweg, (1983), propose t o  

tap  t h e  h igher  power a t  lower frequency by invok ing t h e  opera t ion  o f  

t he  t u r b u l e n t  cascade, fo r  example, Tu, (1988). 

A process which we observed t h a t  a l t e r e d  t h e  d i f f e r e n t i a l  v e l o c i t y  

between pro tons  and hel ium i s  dece le ra t ion  by t h e  e l e c t r o s t a t i c  f i e l d  

o f  i n te rp lane ta ry  shocks. During a study of oxygen ion v e l o c i t i e s  i n  

the  s o l a r  wind (Og i l v ie  e t  at. ,  (1982)), i t  was observed t h a t  passage 

o f  forward i n te rp lane ta ry  shocks pas t  t h e  spacecra f t  decelerated t h e  

ions i n  the frame o f  t h e  shock, and, i n  p a r t i c u l a r  on Ju l y  6, 1979 

changed t h e  s i g n  o f  t h e  v e l o c i t y  d i f f e r e n c e  between helium ions and 

protons f rom p o s i t i v e  t o  negative, F i g .  4. T h i s  occurred because t h e  

e l e c t r o s t a t i c  p o t e n t i a l  d i f f e r e n c e  across t h e  shock slows ions w i t h  
d i f f e r e n t  charge t o  mass r a t i o s  by d i f f e r e n t  amounts a s  they c ross  it. . 
S i m i l a r  observat ions have been made by Zastenker and Borodkova 

and Zastenker e t  a l .  (1986). Th is  i s  t h e  on ly  mechanism which 

been observed producing d i f f e r e n t i a l  motion between i o n i c  spec 

Y.  C. Whang, (1986) has pos tu la ted  t h e  ex is tence o f  s tand 

(1984) 1 

has y e t  

es . 

ng slow 

shocks i n  t h e  f l o w  above coronal holes, t h e  sources o f  h igh  speed 

streams, a t  a h e l i o c e n t r i c  d is tance a t  about 6-10 R,. 

cons idera t ion  shows t h a t  t h e  e f f e c t  o f  such a s t r u c t u r e  would be t o  

in t roduce a p o s i t i v e  v e l o c i t y  d i f f e r e n c e  between t h e  hel ium and 

hydrogen ions.  Schwartz e t  a l . ,  (1987) show t h a t  about 10% o f  t h e  

i n c i d e n t  energy i s  thermalized. The shock, would, however, be r a t h e r  

weak, w i t h  a dens i t y  r a t i o  o f  order  2. 

shock, minor ions would be accelerated e l e c t r o s t a t i c a l l y  w i t h  respect  

t o  t h e  protons, b u t  would n o t  i n i t i a l l y  t r a v e l  w i t h  t h e  same speed as 

t h e  helium. 

observed e q u a l i t y  o f  speed between hel ium and o ther  minor ions which i s  

genera l l y  observed. We mention t h i s  e f f e c t  here because (a) 

observat ions might be poss ib le  us ing minor ions t o  v e r i f y  t h e  ex is tence 

o f  t h e  slow shock, and (b) a "seed" v e l o c i t y  d i f f e r e n c e  might  be s e t  up 

Pre l im inary  

On passing through such a 

Thus t h e  model requ i res  a mechanism t o  produce t h e  

9 



by such a shock, which would be automatically present in high speed 
streams and might be later amplified by the wave field. 

. 
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K i n e t i c  temperatures o f  so la r  wind ions 

An important and i n t e r e s t i n g  f a c t  about t h e  s o l a r  wind i s  t h a t  t h e  

therma I speeds w i  o f  a I I the  c o n s t i t u e n t  ions tends t o  be equa I ; 

1 2  3 2 kT;= 2 miw i .  

As a consequence, t h e  temperatures of  t h e  ions Ti, a re  

i '  p ropor t i ona l  t o  t h e i r  masses, m 

or  T.= I C0nst.m;. 

Th i s  was po in ted  o u t  w i t h  reference t o  hel ium by Neugebauer, (1981) and 

others, and has been discussed f o r  He, 0 and Fe ions by Schmidt e t  a l . ,  
(1980) who used data from ISEE-1, O g i l v i e  e t  at., (1980) and Bochsler 

e t  a I., (1985). 
. 

The " k i n e t i c  temperatures".measured by t h e  IC1 are a m ix tu re  o f  

t h e  p a r a l l e l  and perpendicular temperatures de f ined w i t h  re fe rence t o  

t h e  d i r e c t i o n  o f  t h e  magnetic f i e l d .  This complicates t h e  r e l a t i o n  

between t h e  measured temperatures and t h e  i on  v e l o c i t y  d i s t r i b u t i o n  

func t i on .  Furthermore, t he  observed temperature changes w i t h  t h e  

magnetic f i e l d  d i r e c t i o n ,  assuming a temperature anisot ropy t o  be 

present .  On t h e  o ther  hand, the  r a t i o s  between temperatures o f  

d i f f e r e n t  ions determined from t h e  same spectrum a re  independent o f  t h e  

magnetic f i e l d  d i r e c t i o n ,  neg lec t ing  t ime a l i ass ing ,  and so t h e  

v a l i d i t y  o f  eq. (1) can be tes ted  f o r  d i f f e r e n t  ions us ing  data f rom 

ICI. These temperatures are der ived  by f i t t i n g  convected Maxwell ian 

v e l o c i t y  d i s t r i b u t i o n s  t o  t h e  data, which form a c u t  through t h e  3- 
dimensional d i s t r i b u t i o n  func t ion .  When a reasonable f i t  cannot be 

obtained t h e  data a r e  discarded, b u t  on l y  a few percent  a re  l o s t  i n  

t h i s  way. 

t ime; it i s  known t h a t  several k inds  o f  pa tho log ica l  forms o f  v e l o c i t y  

d i s t r i b u t i o n ,  such a s  "double humped" s t ruc tu res ,  (usual ly  r e l a t e d  t o  

the i n t e r a c t i o n  of h i g h  speed streams w i t h  plasma moving more s lowly )  

11 
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occur at times, and the results discussed here do not apply to these 
times. A correction, normally rather small, has been applied for the 

intrinsic velocity resolution of the instrument, which is equivalent to 
about lo4 K for he1 ium. 

If sufficient-wave power were to be present in the frequency range 
corresponding to the measurement time of the instrument, non-thermal 

velocity fluctuations, due for example to Alfvcn waves, could be taken 
for thermal fluctuations. This might, in principle, be true of bulk 
speed fluctuations. However, estimates (Ogilvie et al., (1980)) show 

these effects to be quite negligible. 

We have derived temperatures and thermal speeds for 4He++ and 
oxygen. Even though the flux of Fe ions is near the threshold o f  

sensitivity o f  the instrument, it has been possible to derive Fe 

temperature estimates also. The charge states (10 to 13) 
characterizing Fe in the solar wind put it an M/Q range where it is 
free from interfering ions. Also, Fe is overabundant in the solar wind 
with respect to its solar system abundance. 
temperature estimates possible. The.result of the initial survey by 
Ogilvie et al., (1980), the work of Bochsler, (1984) and Bochsler et 
al., (1985) confirm the presence o f  a strong tendency in the non- 
collisional solar wind for the minor ions, from He up to Fe to be 
characterized by temperatures approximately proportional to their 
masses (equal thermal speeds). 

I 

These two facts make Fe 

In Figure 5 we see a plot of 4He++ bulk speed and temperature, and 
the temperatures derived for 06+, 07+ and Fe, fo r  the period May to 
July 1979, from Bochsler et al., (1985). There are extremely good 

correlations among the four temperatures, with high kinetic 
temperatures occuring at the higher speeds as i s  the case 

(Burlaga and Ogilvie, (1970)). At the lowest speeds (highest 

densities, corresponding most closely to collisional conditions), the 
temperatures of all the ions fall precipitously. The highest 

temperatures obtained for oxygen, and the usual temperatures for iron, 
are significantly above the electron temperature in the corona, - 2 x 

for protons 
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I 

lo6 K. 
and hel ium i s  no t  so h igh  as t h a t  between oxygen and helium, b u t  t h i s  

probably r e f l e c t s  t h e  la rge  u n c e r t a i n t i e s  i n  t h e  determinat ion o f  t h e  

Fe temperatures. 

f a s t  s o l a r  wind i s  heated a f t e r  it leaves t h e  corona by a mechanism 

which tends t o  impart equal thermal speeds t o  t h e  minor ions, a t  l e a s t  

The observed c o r r e l a t i o n  between t h e  temperatures o f  Fe ions 

Even so, F igure  5 p rov ides  c l e a r  evidence t h a t  t h e  

- 
UP t o  M / q  = 5-6. 

Abundances and t h e i r  v a r i a t i o n s  

We now discuss t h e  observations o f  i o n  abundances i n  t h e  s o l a r  

wind made between August, 1978 and December, 1982. The ions measured 

inc lude 3He, 4He, 0, Ne, S i ,  and Fe. For each o f  t h e  species t h e  

measurements cover almost t he  f u l l  range o f  s o l a r  wind parameters 

ra the r  than being based upon the  ana lys i s  of a few samples taken under 

p a r t i c u l a r  cond i t ions .  

t h e  log o f  t h e  f I ux o f  t h e  minor i on  versus t h e  log o f  %he 4He++ f I ux; 

t h e  contours connect reg ions o f  constant  number o f  observat ions.  

s i z e  o f  t h e  regions i s  ind ica ted  on t h e  diagrams. The f l u x e s  a r e  

The r e s u l t s  a re  e x h i b i t e d  as contour p l o t s  o f  

The 

. expressed i n  u n i t s  o f  p a r t i c l e s  m-2 s - l .  I n  these p l o t s  a cons tan t  

abundance i s  represented by an almost s t r a i g h t  l i n e  a s  the  s o l a r  wind 

f l u x  changes. 

a l so  e x h i b i t e d  separately as a f u n c t i o n  o f  t ime, a s  discussed below. 

The hel ium r e s u l t s  a r e  compared w i t h  t h e  pro ton  f l u x  and 

The shapes of t h e  contour p l o t s  r e f l e c t  t h e  convo lu t ion  o f  

measurement unce r ta in t i es  and na tu ra l  v a r i a b i l i t y .  The averaging 

per iods have been chosen t o  reduce s t a t i s t i c a l  unce r ta in t y  by making 

t h e  standard dev ia t i on  for t he  var ious  measurements s i m i l a r  t o  one 

another. 

vs. log (4He++ f l u x ) ,  constructed from 14000 hour ly  average 

observations. The do ts  i nd i ca te  t h e  r e s u l t s  o f  i n d i v i d u a l  3He++ and 

4He++ determinat ions by the  f o i  I method d u r i n g  t h e  Apol l o  f I igh ts ,  

i d e n t i f i e d  w i t h  the  corresponding Apo l lo  f l i g h t  number (Ceiss e t  a l . ,  

(1972)). Coplan e t  a l  . , (1984), concluded t h a t  t h e  b e s t  va lue o f  t h e  

average [4He*+] / [3He**] was 2050+200; - t h e  weighted average of t h e  

Apo l lo  f o i l  measurements i s  2350+120. - The agreement between t h e  

For example. F ig .  6 i s  t h e  contour  p l o t  o f  log (3He++ f l u x )  
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3He/4He r a t i o s  obta ined by t h e  two e n t i r e l y  d i f f e r e n t  techniques i s  

remarkable. A small v a r i a t i o n  w i t h  so la r  a c t i v i t y  was observed, and 

t h e  r a t i o  i s  more near ly  constant  a t  h igh  than a t  low s o l a r  wind 

speeds. 

u n c e r t a i n i t i e s  i n  t h e  measurements a re  g rea tes t  a t  low f l u x e s .  

Examination of theemeasurements as a t ime se r ies  i n d i c a t e s  t h a t  t h e r e  

a re  per iods  of subs tan t i a l  i n t r i n s i c  v a r i a b i l i t y .  To o b t a i n  an 

abundance of 3He re fe r red  t o  H, we requ i re  a value o f  [4He++]/[H+]. 

Normally t h i s  r a t i o  i s  h i g h l y  var iab le ,  b u t  Bame e t .  a l . ,  (1977) have 

observed t h a t  i t  i s  more near ly  constant  i n  h igh  speed streams than i n  

t h e  low speed solar wind, and IC1 r e s u l t s  support t h i s  observat ion.  

Bame e t  a l .  (1977), have shown t h a t  t h e  helium abundance i n  h igh  speed 

s o l a r  wind f l ows  a t  1 AU has a value o f  0.048+0.005. Such f lows, from 

regions on t h e  sun where ther  magnetic f i e l d  l i n e s  a re  open, may 

p rov ide  t h e  bes t  hel ium abundance measurements. Taking our average 

value f o r  t h e  r a t i o  i n  h igh  speed streams, (19002200), and t h e  Bame e t  

a i  ., (1977) va lue f o r  [4He++]/[H+] i n  h igh  speed streams, 0.048, we 

ob ta in  a r e l a t i v e  abundance o f  3He++ o f  2 . 6 + . 2 ~ 1 0 ' ~ .  - 

The pear shaped contours probably r e f l e c t  t h e  f a c t  t h a t  t h e  

- 

The abundances o f  t h e  minor ions other  than hel ium a r e  obta ined by 

a min imiza t ion  c a l c u l a t i o n .  The charge s t a t e  d i s t r i b u t i o n  o f  an 

element depends non l i nea r l y  on t h e  " f reez ing- in "  temperature 

(Hundhausen, (1972)). By determining t h e  bes t  f i t  ( i n  t h e  l e a s t  

squares sense) between pred ic ted  and observed counts a t  g iven  M/q 
s e t t i n g s  bo th  abundances and an est imate o f  " f reez ing- in "  temperature 

was o b t a i n e d .  This procedure t a k e s  i n t o  account t h e  v a r i a t i o n  of 

instrument parameters w i t h  i o n i c  mass, charge, and v e l o c i t y  (Bochsler 

e t  a l  . , (1986)). 

F igu re  7 shows contours o f  l og  (0 f1ux)vs l og  (He f l u x ) ,  Bochsler 

e t  a I., (1986), w i t h  superposed I i nes corresponding t o  [He]/[O]= 60, 

80, 100. The bes t  average value i s  75+20, - and a weak p o s i t i v e  

c o r r e l a t i o n  w i t h  s o l a r  a c t i v i t y  was detected, represented by 

log  ([He/[O]) = 1.6 x R, + 1.696, 

where R,'is the  Zur ich  sunspot number. 
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This  r e l a t i o n  p r e d i c t s  a v a r i a t i o n  o f  t h e  [He]/[O] r a t i o  from about 50 
t o  about 90 i n  a t y p i c a l  so la r  a c t i v i t y  cyc le .  The [He/[H] abundance 

a l s o  increases w i t h  s o l a r  a c t i v i t y  by about a f a c t o r  o f  two, so t h a t  

t h e  oxygen abundance ( w i t h  respect t o  hydrogen) remains near ly  

constant, independent o f  a c t i v i t y ,  a s  one might  expect f o r  a value 

c h a r a c t e r i s t i c  o f  t h e  s o l a r  corona. 

Observations o f  neon (Bochsler e t  a l . ,  (1986)) ( ra ther  we l l  

i s o l a t e d  i n  a M/q spectrum), obtained from a sample o f  several thousand 

spect ra a t  t h e  h ighes t  reso lu t ion ,  a r e  shown i n  F igu re  8.  Again, t h e  

do ts  r e f e r  t o  Apo l lo  f o i l  observations. The average value f o r  

[He]/[Ne] i s  536+250; - w i t h  most o f  t h e  unce r ta in t y  be ing a t t r i b u t a b l e  

t o  count ing  s t a t i s t i c s .  The Apollo f o i l  measurements f o r  t h e  

[4He/20Ne] r a t i o  i s  570+70 - (Ceiss e t  a l .  (1972)); again the  agreement 

i s  e x c e l l e n t .  

I n  o rde r  t o  reduce s t a t i s t i c a l  u n c e r t a i n t i e s  (Bochsler, (1987)) 

used d a i l y  average determinat ions o f  t h e  abundance o f  S i  du r ing  t h e  

pe r iod  August, 1978 t o  August, 1979, F igure  9. Here t h e  unce r ta in t y  i n  

t h e  average value [He]/[Si] = 300 - + 150 a l so  probably a r i s e s  l a rge  

from s t a t i s t i c a l  f l u c t u a t i o n s .  

F i n a l l y ,  F igu re  10 shows t h e  r e s u l t  o f  d a i l y  average 

determinat ions o f  l og  (Fe f l u x ) ,  vs .  l og  (He++ f I ux) poss ib le  beca 

Fe, a l though present  i n  several charge s t a t e s  (Fe+l0 t o  Fe +13) i n  

s o l a r  wind, i s  both over abundant (see below) and i s o l a t e d  i n  M/Q 
spect ra (Schmid e t  a l  . , (1988)). 

Y 

se 

t h e  

Table I compares these r e s u l t s  w i t h  two recent  compi la t ions  o f  

abundances der ived  from observations o f  Solar  Energet ic  P a r t i c l e s ,  

(SEP) by Cook e t  a l . ,  (1984) and McCuire e t  a l . ,  (1986). Agreement 

among t h e  measurements made under a wide v a r i e t y  o f  s o l a r  wind 

cond i t ions ,  i s  wel l  w i t h i n  t h e  experimental u n c e r t a i n i t i e s ;  we conclude 

t h a t  both SEPs and t h e  s o l a r  wind seem t o  be drawn from t h e  same 

populat ion,  which we know f o r  t h e  s o l a r  wind i s  t h e  corona. I n  Table 

I1 we have converted t h e  IC1 abundances f o r  3He, 0, Ne, S i  and Fe t o  
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abundances w i t h  respect t o  H, us ing C4He]/[H] = 0.040. 

abundances w i t h  so la r  system abundances, we see t h a t  t h e r e  a re  two 

major discrepancies. Helium i s  d e f i n i t e l y  underabundant, as concluded 

by many authors (Neugebauer, (1981)). This i s  genera l l y  be l ieved t o  be 

p a r t l y  due t o  t h e  reduced drag f o r c e  exer ted by t h e  protons on t h e  

he1 ium ions  (Ceiss .e t  a l  . , (1970)), t o  e x t r a c t  them from the 
g r a v i t a t i o n a l  p o t e n t i a l  we l l  i n  t h e  lower corona, and p a r t l y  due t o  a 

separat ion process between ions and atoms, t o  be discussed below. 

Although we f i n d  oxygen and neon s o l a r  wind abundances i n  good 

agreement w i t h  those quoted f o r  t h e  solar system, both s i l i c o n  and i r o n  

a r e  over abundant i n  t h e  so la r  wind by a f a c t o r  o f  about f o u r .  

been suggested t h a t  t h e  SEP abundance data can be organized according 

t o  f i r s t  i o n i z a t i o n  p o t e n t i a l s ,  (Hovestadt, (1974)), ions having low - 

f i r s t  i o n i z a t i o n  p o t e n t i a l s  being overabundant ( S i ,  8 .15 eV; Fe, 7.87 

eV). A s i m i l a r  mechanism i n  which i o n i z a t i o n  e a r l y  i n  t h e  process of 
s o l a r  wind acce le ra t ion  would favo r  incorpora t ion  of a species i n t o  t h e  

f l o w  could exp la in  t h e  observations, (Meyer, (1985); Ceiss and 

Bochs I er ,  (1985)) . 

Comparing t h e  

I t  has 
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Helium abundances i n  S o l a r  Cycle 21 

The I C 1  instrument on ISEE/ICE has al lowed us t o  acqu i re  an a lmost  

continuous s e t  o f  observations o f  t he  dens i ty  o f  4He++ over t h e  t i m e  

per iod  August, 1978 t o  t h e  end o f  1982. 

abundances o f  heavy ions have been r e f e r r e d  t o  helium, t h e  most 

abundant ions r e g u l a r l y  measured w i t h  t h e  ICI. To discuss t h e  hel ium 

abundance, and i t s  var ia t ions ,  we use t h e  hel ium dens i ty  measured by 

t h e  I C I ,  and r e f e r  it t o  t h e  pro ton  o r  e l e c t r o n  dens i ty  determined by 

the  s o l a r  wind plasma instrument on t h e  same spacecraf t  (Bame e t  al., 

(1978)). 

w i th  respec t  t o  hydrogen, t o  compare w i t h  prev ious work. 

I n  t h e  prev ious discussions, 

We thus ob ta in  estimates o f  t h e  r e l a t i v e  abundance o f  he l ium 

The I C 1  instrument, because o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  

s t i g m a t i c  Wien f i l t e r ,  has an acceptance angle p a r a l l e l  t o  t h e  s p i n  

a x i s  o f  t h e  spacecraf t  (maintained perpendicular t o  t h e  e c l i p t i c  p lane 

t o  2 1/4 degree) o f  - + 8 degrees. The s o l a r  wind plasma instrument, 

Bame e t  a l . ,  (1978), has a la rger  acceptance angle (+ ZOO) i n  t h e  same 

d i r e c t i o n .  As a r e s u l t  t h e  f l u x  o f  hel ium ions can be c u t  o f f  f rom t h e  

. 
- 

I C 1  by a d e f l e c t i o n  o f  t h e  s o l a r  wind i n  t h e  N-S d i r e c t i o n ,  whereas 

such a c u t  o f f  o f  proton f l u x  from the  s o l a r  wind plasma inst rument  

almost never occurs. Thus, determinat ions o f  t h e  hel ium abundance a t  

t imes o f  l a rge  N-S d e f l e c t i o n s  a r e  lower l im i ts ,  and t h i s  cou ld  

in t roduce a b i a s  i n  average values which we have inves t iga ted .  

course, t h e  north-south d e f l e c t i o n s  a f f e c t  t h e  f l u x e s  o f  o the r  minor 

ions measured by I C I ,  i n  t h e  same way, so t h a t  abundances a r e  n o t  

a f fec ted .  North-south d e f l e c t i o n s  predominantly occur i n  t h e  

i n t e r a c t i o n  reg ions o f  h igh  speed streams, and exceed e i g h t  degrees f o r  

on l y  13 percent  o f  t he  t o t a l  observing time; Roberts, p r i v a t e  

communication, (1988), see F ig.  11; o v e r a l l ,  any e f f e c t  o f  N-S 
d e f l e c t i o n s  on t h e  hel ium abundance i s  w i t h i n  t h e  u n c e r t a i n t i e s  o f  t h e  

measurement. E f f e c t s  o f  d e f l e c t i o n  i n  t h e  E-W d i r e c t i o n  a re  i r r e l e v a n t  

because o f  t h e  spacecraf t  spin. 

quote a r e  a f fec ted  much less by N-S d e f l e c t i o n s  o f  t h e  s o l a r  wind than 

by o ther  unce r ta in t i es ,  such as e f f i c i e n c y  determinat ions f o r  bo th  

instruments, which might perhaps be uncer ta in  by -20%. I n d i v i d u a l  

O f  

The long term average d e n s i t i e s  we 
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values and s h o r t  term averages o f  hel ium dens i t y  i n  i n t e r a c t i o n  reg ions  

may be considerably  a f f e c t e d  by d e f l e c t i o n  o f  t h e  s o l a r  wind i n  t h e  N-S 
d i r e c t i o n .  

Dur ing  t h e  pe r iod  covered i n  t h i s  paper, t h e  Los Alamos s o l a r  wind 

dens i ty  data c o n s i s t  o f  p ro ton  dens i t ies ,  a t  t h e  beginning, and 

e l e c t r o n  d e n s i t i e s  d u r i n g  t h e  l a t e r  p a r t .  The pro ton  dens i t i es  n f o r  P 
t h e  l a t e r  p a r t  were accord ing ly  der ived  from t h e  e l e c t r o n  d e n s i t i e s  ne 

by us ing  t h e  r e l a t i o n  np = ne - 2nQ, where nQ i s  t h e  4He++ dens i t y  

determined by I C I .  

We emphasize t h a t  r e l a t i v e  abundance determinat ions us ing 

observat ions by two d i f f e r e n t  instruments in t roduce unce r ta in t i es  which 

do no t  apply t o  determinat ions made w i t h  a s i n g l e  instrument. 

abundance measurements made by I C 1  a I one ( E3He] / [4He] , [O] / [He] , 
[Ne]/[He], [Si]/[He] and [Fe]/[He]) there  i s  no such problem. Th is  i s  

under l ined by t h e  e x c e l l e n t  agreement between t h e  I C 1  and t h e  f o i l -  

determined abundances. 

For t h e  

For t h e  absolute [He]/[H] abundance determined by t h e  combination 

o f  I C 1  and t h e  Solar  Wind Plasma instrument, it was necessary t o  

r e c o n c i l e  t h e  values obta ined w i t h  standard p rev ious l y  measured values, 

t a k i n g  i n t o  cons idera t ion  t h e  u n c e r t a i n t i e s  i n  t h e  c a l i b r a t i o n  o f  t h e  

two instruments k 2 0 X  each). 

abundances by a constant  f a c t o r  o f  1.25, which i s  w i t h i n  the  expected 

limits, and t he re  is no evidence that t h i s  number var ied  dur ing  t h e  

pe r iod  . 

We have the re fo re  m u l t i p l i e d  t h e  

F igu re  12 and Table 3 show t h e  4He abundance d a t a  f o r  t h e  pe r iod  

August, 1978 t o  December, 1978. F igures 13, 14, 15, and 16 a re  f o r  t h e  

r e s t  of t h e  da ta  s e t  i n  t h e  same format  as t h a t  o f  F igure  12, cover ing  

s i x  monthly. i n t e r v a l s .  

A t  t h e  top 

contour p l o t ;  be 

o f  t h e  abundance 

e f t  hand corner o f  each f i g u r e  i s  a logar i thmic  f 

ow a r e  two normalized histograms o f  t h e  d i s t r i b u t  

r a t i o  for t h e  v e l o c i t y  ranges 300 - < U 450 kms-l 

ux 

on 

and 
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451 5 U 5 620 kms-l  respec t ive ly .  

p l o t  o f  t h e  apparent v a r i a t i o n  o f  hel ium abundance w i t h  bu lk  speed. 

The e r r o r  bars  shown a re  t h e  standard dev ia t i ons  of t h e  means o f  t h e  

observations f o r  t h e  s i x  month. 

around t h e  t ime o f  s o l a r  maximum (defined by sunspot number) as 

repor ted p r e v i o u s l y  by O g i l v i e  and Hirshberg, (1974); Feldman e t  a l . ,  

(1978). 

A t  t h e  top  r i g h t  hand corner i s  a 

The average abundance i s  a maximum a t  

F igures 12, 13, 14, 15, 16 a l s o  show c l e a r l y  t h a t  t h e r e  i s  an 

apparent dependence o f  t h e  r e l a t i v e  abundance o f  hel ium on s o l a r  wind 

speed which i s  most pronounced, as  noted by Neugebauer, (1981), be fore  

and around s o l a r  maximum. Bame e t  a l . ,  (1977) suggest t h a t  t h e  r o o t  

cause o f  t h e  v e l o c i t y  dependence i s  t h e  frequent occurrence o f  very low 

abundances a t  t imes o f  low speed. 

pe r iod  1971 t o  1974, when s o l a r  a c t i v i t y  was dropping t o  a minimum, 

t h a t  Bame e t  a t . ,  (1977) deduced t h e  ex is tence o f  a s t r u c t u r e - f r e e  

s t a t e  i n  t h e  s o l a r  wind a t  h igh speeds, assoc iated w i t h  coronal holes, 

w i t h  a r e l a t i v e l y  constant  value o f  he l ium abundance. We must 

emphasize t h a t  Bames "h igh speedn d a t a  s e t  cons is ted o f  t ime  i n t e r v a l s  

when t h e  s o l a r  wind speed exceeded 650 kms'l (mean va lue 702 kms'l), 

we l l  above t h e  range o f  t h e  I C I .  Thus our  observat ions a re  l a r g e l y  

conf ined t o  t h e  "low speed" wind regime a s  de f ined by Bame e t  a l . ,  

(1977). Nonetheless, t he re  are  many examples o f  shocks and coronal -  

hole-associated f l o w  i n  our data se t .  The s p l i t  i n  t h e  speed range a t  

450 kms-l, adopted here, d i v ides  our observat ions i n t o  examples o f  t h e  

low speed wind and o f  medium speed wind. 

1982, t h e  s o l a r  wind speed exceeded t h e  upper l i m i t  o f  t h e  range o f  o u r  

instrument on ly  4% o f  t h e  time. 

t h e  c h a r a c t e r i s t i c s  o f  t h e  h igh  speed f l o w  i n  our upper v e l o c i t y  

sample. 

d i s t r i b u t i o n  o f  abundance around t h e  mean value. 

I t  was f r o m  observat ions d u r i n g  t h e  

Dur ing t h e  years 1978 t o  

Thus we should expect t o  see many of 
" 

I n  p a r t i c u l a r  t he  d a t a  f o r  1982 show a r a t h e r  narrow 

F igure  17, i s  a p l o t  o f  t h e  long term v a r i a t i o n  o f  Helium 

abundance dur ing  s o l a r  cyc les  20 and 21; t h e  I C 1  observat ions began i n  

. August, 1978. The observations made between 1962 and 1976 (so la r  c y c l e  

20) described by Neugebauer, (1981) a l though showing a good deal of 
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s c a t t e r  def i n i t e  1 y demonstrated a var i a t  i on of 4He++ abundance w i t h  
s o l a r  a c t i v i t y .  

1978 and 1982 dur ing  t h e  pe r iod  of t h e  maximum o f  s o l a r  c y c l e  21. 
The two p o i n t s  p l o t t e d  a s  crosses i ns ide  c i r c l e s  i n  F igu re  17 were 

obta ined from t h e  f i r s t  year o f  Voyager 2 measurements, w h i l e  t h a t  

spacecra f t  was reasonably c lose  t o  Ear th  (Lazarus, p r i v a t e  

communication, 1988)). The v a r i a t i o n  o f  hel ium abundance du r ing  solar 

c y c l e  21 seems somewhat more peaked than t h a t  observed i n  c y c l e  20, and 

f o l l o w s  v a r i a t i o n s  i n  t h e  sunspot number f a i r l y  c l o s e l y .  A b e t t e r  

measure o f  s o l a r  a c t i v i t y  t o  compare w i t h  t h e  abundance v a r i a t i o n  might  

be an index more c l o s e l y  r e l a t e d  t o  t h e  area o f  a c t i v e  reg ions.  

seems t h a t  t h e  h igher  abundances observed a t  a c t i v e  t imes l a r g e l y  a r i s e  

because o f  increased frequency o f  emission o f  enr iched ma te r ia l ,  

presumably accumulated by f r a c t i o n a t i o n  i n  t h e  lower corona. 

Th is  i s  confirmed by the  IC1 r e s u l t s  obta ined between 

I t  

I n  p resent ing  4He++ abundance d a t a  f o r  s o l a r  c y c l e  21 we have 

m u l t i p l i e d  t h e  values by a constant  f a c t o r  o f  1.25 t o  j o i n  smoothly t o  

t h e  e a r l i e r  observations. Th is  f a c t o r  i s  we l l  w i t h i n  t h e  combined 

u n c e r t a i n t i e s  invo lved i n  the  c a l i b r a t i o n s  o f  t h e  IC1 and Los Alamos 

s o l a r  wind. inst rument  which cou ld .be  as much a s  20% f o r  each 

instrument. 

. 

As may be seen from t h e  histograms near s o l a r  maximum, t h e  hel ium 

abundance exceeds t e n  percent f o r  an apprec iab le f r a c t i o n  o f  t h e  t ime. 

These h igh  abundance per iods  a r e  o f t e n  associated w i t h  enriched d r i v e r  

gas behind i n te rp lane ta ry  shocks. Treatment o f  these events requ i res  

c o r r e c t i o n  t o  take i n t o  account angular d e f l e c t i o n s  perpendicu lar  t o  

t h e  e c l i p t i c  plane, which can occur a t  t h e  t imes o f  increases i n  hel ium 

abundance associated w i t h  shock f lows, and t h i s  w i l l  be c a r r i e d  o u t  i n  

t h e  f u t u r e .  

Conclusions 

Analys is  o f  f o u r  and one h a l f  years o f  almost continuous 

observat ions o f  t h e  abundances o f  several i o n i c  species i n  t h e  s o l a r  

wind leads t o  the  f o l l o w i n g  conclusions. 
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1). Oxygen and i r o n  ions move w i t h  t h e  hel ium r a t h e r  than w i t h  the 

protons i n  t h e  s o l a r  wind. When t h e  hel ium ions a r e  accelerated i n  

h igh  speed f l ows  t o  a bu l k  speed grea ter  than t h a t  o f  t h e  protons, the  
o ther  minor ions a r e  a l s o  accelerated. 

f o r  t h e  i r o n  ions t o  l ag  s l i g h t l y  behind t h e  hel ium a t  t h e  h ighes t  

speeds. 

There seems t o  be a tendency 

2). There i s  a s t rong  tendency f o r  t h e  thermal speeds o f  t h e  ions i n  

t h e  s o l a r  wind t o  be approximately equal, when t h e  e f f e c t  o f  c o l l i s i o n s  

i s  n e g l i g i b l e .  Th is  leads t o  t h e  observat ion t h a t  T i  - Const. m i .  - 

3). 

t ime pe r iods  long enough and f o r  cond i t i ons  d i ve rse  enough t o  be f u l l y  

rep resen ta t i ve  o f  t h e  s o l a r  wind. These abundances agree very we l l  

w i t h  those der ived  f o r  s i m i l a r  species i n  Solar  Energet ic  P a r t i c l e  

events. Comparison w i t h  Solar  System abundances shows t h a t  he l ium i s  

under abundant and S i  and Fe over abundant i n  t h e  s o l a r  wind. The 

former discrepancy seems t o  be due t o  g r a v i t a t i o n a l  f r a c t i o n a t i o n  i n  
t h e  corona, and t h e  l a t t e r  t o  a mechanism, n o t  f u l l y  understood, which 

l i n k s  a low f i r s t  i o n i z a t i o n  p o t e n t i a l  w i t h  a h igh  p r o b a b i l i t y  o f  

i nco rpo ra t i on  i n t o  t h e  s o l a r  wind. 

Abundances o f  3He, 4He, 0, Ne, S i  and Fe have been measured over 

4). 
t h e  hel ium abundance w i t h  so la r  a c t i v i t y ,  combined w i t h  apparent 

dependence of t h e  hel ium abundance on s o l a r  wind speed. 

e f f e c t s  r e s u l t  f rom v a r i a t i o n  i n  t h e  occurrence r a t e  o f  s h o r t  term 

hel ium increases w i t h  s o l a r  a c t i v i t y  and s o l a r  wind speed. The 

ex is tence o f  t h e  suggested "s t ruc tu re- f ree"  s o l a r  wind, associated w i t h  

coronal h o l e  f l o w  and a r e l a t i v e  abundance narrowly  d i s t r i b u t e d  about a 

value of 0.04, i s  favored by t h i s  data se t .  

h igh  hel ium abundance were observed. 

Dur ing  s o l a r  c y c l e  21 we have observed t h e  expected v a r i a t i o n  o f  

Both o f  these 

A number o f  per iods  o f  

I The IC1 represents an importance advance over e a r l i e r  instruments, 

and has made poss ib le  t h e  determinat ion o f  t r u l y  representa t ive  s o l a r  

wind abundances f o r  a small b u t  important sample o f  ions. I n  t h e  near 

f u t u r e  these r e s u l t s  w i l l  

I 

~ 

be supplemented by measurements o f  charge and 
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mass at higher resolution, to be carried out by the next generation o f  

instruments. 
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Figure  Captions 

F ig .  l a .  Histogram of t h e  r a t i o  of t h e  sca la r  speed d i f f e r e n c e  between 

4 ~ e + +  and H+, AV, t o  t h e  Al fven speed VA f o r  t imes when 4He++ speed was 

between 300 and 400 km s-l. The pe r iod  covered was June 19 t o  

September 7, 1979. P o s i t i v e  values o f  t he  r a t i o  correspond t o  V4He++ > 
VH+. (From O g i l v i e  e t  a l . ,  (1982)). 

F i g .  lb. Histogram of t h e  r a t i o  o f  t he  sca la r  speed d i f f e r e n c e  between 

4He++ and H+, AV, t o  t h e  Al fven speed VA f o r  t imes when 4He++ speed was 

between 400 and 500 km s - l .  

November 2, 1979. 

VH+. (From O g i l v i e  e t  a l . ,  (1982)). 

The pe r iod  covered was March 10 t o  

P o s i t i v e  values o f  t he  r a t i o  correspond t o  V4He++ > 

F i g .  2. 

and 4He++ t o  t h e  4He++ v e l o c i t y  f o r  t imes when t h e  4He++ speed was 

between 400 and 500 km s-l. 

November 2, 1979. (From O g i l v i e  e t  a l . ,  (1982)). 

Histogram o f  t h e  r a t i o  o f  t h e  speed d i f f r e n c e  between 1606+ 

The pe r iod  covered was March 10 to 

F i g .  3 .  Histogram o f  d i f f e rences  between i r o n  speeds and hel ium 

speeds. .The average speed d i f f e r e n c e  i s  3 km/s, and t h e  standard 

d e v i a t i o n  o f  t h e  d i s t r i b u t i o n  i s  15 km/s. 

(1987)). 

(From Schmid e t  a l . ,  

F ig .  4. A p l o t  o f  hydrogen and hel ium speeds i n  t h e  s o l a r  wind on Ju ly  

6 and Ju ly  7, 1979, showing the  change i n  s ign  o f  t h e  speed d i f f e r e n c e  

caused 

i n t e r p  

t h e  so 

F ig .  5 
i n  t h e  

by t h e  e l e c t r o s t a t i c  p o t e n t i a l  d i f f e r e n c e  across t h e  

anetary shock. The dashed l i n e  represents t h e  hel ium speed and 

i d  l i n e  t h e  hydrogen speed. (From O g i l v i e  e t  a l . ,  (1982)). 

K i n e t i c  temperatures of 4He++, 06+, 07+, and Fe as determined 

s o l a r  wind du r ing  two consecutive so la r  r o t a t i o n  per iods  w i t h  

two r e c u r r i n g  high-speed streams which c o r r e l a t e  w i t h  e levated k i n e t i c  

temperatures f o r  ions inves t iga ted  here. The i r o n  temperatures a r e  

o f t e n  more than 3x106 K, s i g n i f i c a n t l y  above coronal temperatures. 

(From Bochsler e t  a l  . , (1985)). 
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F ig .  14 .  H e l l u r n  abundance d a t a  f o r  the year 1980 

F ig .  15. Helium abundance data f o r  the  year 1981. 

F i g .  16. Helium abundance data for t h e  year 1982. 

Fig. 17. 
and 21. E a r l y  observat ions taken from Neugebauer (1981). Key: M2 - 
Mariner 2; V3-Vela 3; E34 - Explorer  34; 05-OGO 5; H1-Heos 1; E43 - 
Explorer  43; I- Imps 6 and 8. 

t h e  present  ,work:.',\ r v.::..~ c .  . 

Above - V a r i a t i o n  o f  hel ium abundance du r ing  s o l a r  c y c l e s  20 

La te r  observat ions a r e  f r o m  Voyager 2 and 
r '  -?. t ' I  

v.t.2 + + t ~ L t ~ ~ : L , ~ k -  - I + s & t  ("2.5 Ltx~ - \ 1 
k-cc . ; I  2 - c ) -  * 

Below - Sunspot number for t h e  same pe r iod  as  an i n d i c a t o r  o f  s o l a r  

a c t i  Y i t y .  

. 
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-. 
r i g .  6. Contour plor;  o i  

The contour l eve l s  a re  marked on t h e  f i g u r e ,  and t h e  r e s u l t s  o f  f i v e  

Apo l lo  f o i l  experiments a re  shown as do ts  labeled 11 through 16 (Ceiss 

e t  a I . , 1972) . 
e t  a l . ,  (1984)). 

iog  (Fiux 3He” j j  v s .  log (Flux (4He’+)). 

The I i ne corresponds t o  4He/3He = 2000. (From Cop I an 

I -  

- 
l i n e s  a r e  f o r  He/O 

Fig. 7. C o r r e l a t i o n  o f  oxygen f l u x e s  w i t h  hel ium f luxes ;  t h e  dashed 

(From Bochsler e t  a l  . , (1986)). 

F i g .  8. Contour p 

again r e f e r  t o  Apo 

(1986)). 

= 60, 80, 100 

o t  o f  log (F 
lo f o i l  exper 

ux Ne) v s .  l og  (Flux 4He). The do ts  

ment r e s u l t s .  (From Bochsler e t  a l . ,  

F i g .  9. Contour plot of d a i l y  averages o f  log (Flux S i )  versus l og  

(Flux 4He++). (From Bochsler, (1987)). 

F ig .  10. Contour p l o t  o f  d a i l y  averages o f  l og  (Flux (Fe)) versus log  

(Flux 4He++). (From Schmid e t  a l  . , (1988)). 

F ig .  11. Data  f o r  t h e  l a t i t u d e  angle o f  t h e  s o l a r  wind d i r e c t i o n  f o r  

t h e  year 1978, from t h e  combined Imp 8, ISEE 3 data s e t  f rom t h e  NSSDC. 

Above - percentage o f  hour averages w i t h  l a t i t u d e  angle i n  the one 

degree angular range ending a t  t h e  p o i n t  shown. 

Below - I n t e g r a l  o f  above l a t i t u d e  angle dependence. 

F ig .  12. 
1978. Top l e f t ,  f l u x  contour p l o t ;  Top r i g h t ,  apparent dependence o f  

he l ium abundance on s o l a r  wind speed i n  km s-l; Bottom l e f t ,  normalized 

histogram o f  r e l a t i v e  hel ium abundance f o r  speeds below 450 km s-l w i t h  

mean value, number o f  hour ly  average observations, and mean f o r  a l l  

speeds; Bottom r i g h t ,  normalized histogram o f  r e l a t i v e  he l ium abundance 

f o r  speeds above 450 km s-l w i t h  mean value and number o f  hou r l y  

average observations. 

He abundance d a t a  f o r  t h e  pe r iod  August 1978 t o  December, 

F ig .  13. Helium abundance data f o r  t h e  year 1979. 
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TABLE I 

ISEE-3 SEP 

X [XI 1 [ 4 ~ e 1  COOK MCGUIRE 

3He ( 4 . 8 + . 5 ) ~ 1 0 - ~  ------ ------ 
4He 1 1 1 

0 (1.32. 3) x10-2 - (1.4+0.1) x ~ O - ~  (1.92.2) xlO'* 

Ne (1.82.8) ~ 1 0 ' ~  (2.320.2) x 1 ~ - 3  ( 2 . 4 2 . 3 ) ~ 1 0 - ~  

Si (3.321.6) x ~ O - ~  ( 2 . 4 4 . 3 )  - x 1 ~ - 3  (2.8:. 3) x10-3 

Fe (2.5+1.5) - x 1 ~ - 3  (2.7+. - 2 )  ~ 0 - 3  (1.2+. - 2) x10-3 

, 

a 
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TABLE I1 

ABUNDANCE WITH RESPECT TO HYDROGEN< 

E I emen t Solar Wind ( I C I ) '  Solar System 

H 1 1 

2.3+1. 2x10-5b - i.9+. 2x10-5 3He - 
4He 4.0+~10'*~ - 8+ - 1 ~ 1 0 ' ~ ~  
0 7.4+1.5~10'~~ - 5+ 1 x - 
Ne 

S i  

1 . 4 + .  

3.3+. iX10-5c 1.1+. - 5 ~ 1 0 ' ~ ~  - Fe 

aBased  upon [4He] / [H]  = 5 ~ 1 0 - ~ .  

bHua and Lingenfelter, 1987; indirect photospheric measurement. 

=Fr&m hnders and Ebihara, 1982. 

dUnderabundant in the solar wind. 

eOverabundant in the solar w'ind. 
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Table III 

. 

Per i od 

Aug-Dec 1978 

Jan-June 1979 

July - Dec 1979 

Jan-June 1980 

July - Dec 1980 

Jan-June 1981 

July-Dec 1981 

Jan-June 1982 

July-Dec 1982 

Number o f  Observations 

1793 

2316 

1918 

2653 

2080 

2461 

2902 

2550 

1258 

19931 t o t a l  
observations 

Average 
Abundance 

.034 

.047 

.053 

.037 

.035 

-041 

.040 

-035 

.033 

A v e  .039 
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